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Afﬁnity puriﬁcation of proteins using antibodies coupled to beads and subsequent mass spectrometric
analysis has become a standard technique for the identiﬁcation of protein complexes. With the recent
transfer of the isotope dilution mass spectrometry principle (IDMS) to the ﬁeld of proteomics,
quantitative analysesssuch as the stoichiometry determination of protein complexesshave become
achievable. Traditionally proteins were eluted from antibody-conjugated beads using glycine at low
pH or using diluted acids such as HCl, TFA, or FA, but elution was often found to be incomplete. Using
the cohesin complex and the anaphase promoting complex/cyclosome (APC/C) as examples, we show
that a short 15-60 min predigestion with a protease such as LysC (modiﬁed on-bead digest termed
protease elution) increases the elution efﬁciency 2- to 3-fold compared to standard acid elution protocols.
While longer incubation periodssas performed in standard on-bead digestionsled to partial proteolysis
of the cross-linked antibodies, no or only insigniﬁcant cleavage was observed after 15-60 min protease
mediated elution. Using the protease elution method, we successfully determined the stoichiometry
of the cohesin complex by absolute quantiﬁcation of the four core subunits using LC-SRM analysis
and 19 reference peptides generated with the EtEP strategy. Protease elution was 3-fold more efﬁcient
compared to HCl elution, but measurements using both elution techniques are in agreement with a
1:1:1:1 stoichiometry. Furthermore, using isoform speciﬁc reference peptides, we determined the exact
STAG1:STAG2 stoichiometry within the population of cohesin complexes. In summary, we show that
the protease elution protocol increases the recovery from afﬁnity beads and is compatible with
quantitative measurements such as the stoichiometry determination of protein complexes.
Keywords: protease elution • immunoadsorption • stoichiometry • protein complex • absolute
quantiﬁcation • EtEP • protein isoforms
Introduction
Proteins assemble into dynamic macromolecular complexes
that regulate fundamental cellular processes such as cell cycle
progression and mitosis.
1,2 Afﬁnity puriﬁcation coupled to
tandem mass spectrometry (AP-MS) has been used extensively
to decipher the composition of protein complexes and their
networks involved in a variety of biochemical processes in
different organisms.
2-10 But in contrast to the large number
of expression proteomic studies that have generated quantita-
tive data, large-scale AP-MS protein interaction studies have
led to mostly qualitative data. Only recently, a small number
of studies aimed to investigate the dynamics of protein
complexes within protein interaction networks using afﬁnity
puriﬁcation coupled to quantitative MS (AP-QMS) (reviewed
in ref 11).
One promising application of AP-QMS is the determination
of protein complex stoichiometry, which is important informa-
tion about the structural organization of a complex.
10,12-16
Accurate and precise quantiﬁcation is crucial for stoichiometry
determination based on absolute quantiﬁcation of the interact-
ing constituents. Stoichiometry determination is particularly
susceptible to errors in sample preparation; for example, it has
been shown that choice of protein digest conditions can affect
the results for the stoichiometry.
16 As the hydrolysis conditions
have to be optimized for every complex to achieve complete
digestion, stoichiometry determination has not been addressed
in high-throughput studies so far and has therefore been
limited in use to the characterization of individual protein
complexes.
Immunoadsorption is one of the most widely used methods
in biochemistry to purify proteins and their interaction part-
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Published on Web 11/03/2010ner(s). It makes use of a speciﬁc antibody-antigen interaction
and therefore does not necessitate any artiﬁcial sequence (tag)
incorporated into the “bait” which could interfere with the
protein’s function such as the assembly into a macromolecular
protein complex. Traditionally proteins are eluted from the
antibody beads using glycine at low pH. Chemical labeling with
reagents that target primary amines such as iTRAQ, TMT or
mTRAQ for relative and absolute quantiﬁcation are incompat-
ible with the use of glycine.
17-19 Therefore protein elution is
performed with diluted acids such as HCl, TFA or FA at
concentrations of ∼100 mM if chemical labeling using these
reagents is to be performed. Independent of the acid elution
protocol used incomplete elution from the antibody-conjugated
beads is frequently observed. As a direct consequence, less
material is available for the LC-MS analysis, leading to lower
sequence coverage and lower signal-to-noise ratio in quanti-
ﬁcation experiments, respectively. Labugger et al. and Chres-
tensen et al. established an “on-bead digestion” protocol, which
led to an increase in sequence coverage in the study of their
protein of interest.
20,21 In this protocol proteins are reduced,
alkylated and subsequently digested for a prolonged period of
time (usually overnight) while still bound to the antibody-
conjugated beads. Although this protocol has been used in a
number of studies
7,20-25 several important parameters/factors
have not been tested yet; (i) the sample contamination from
cleaved antibody peptides when using cross-linked and non-
cross-linked antibody-conjugated beads, respectively, (ii) a
comparison of acid elution methods to the on-bead digestion
in a quantitative fashion, (iii) the time period required for
efﬁcient elution by the protease. Furthermore, in light of the
recent shift toward quantitative interaction studies, there is a
need to test the compatibility of the on-bead digestion protocol
with quantiﬁcation strategies such as the absolute quantiﬁca-
tion of protein complex subunits and the subsequent calcula-
tion of complex stoichiometry.
As a model complex for stoichiometry determination based
on absolute quantiﬁcation, we selected the cohesin complex.
Cohesin’s main function is to hold sister chromatids together
from their synthesis in S-phase of the cell cycle until the
metaphase to anaphase transition, where cohesin is removed
to allow separation of sister chromatids and exit from mitosis.
26,27
Cohesin is an evolutionary well conserved protein complex
consisting of four core components; SMC1, SMC3 and RAD21
form a ring-like structure to which STAG binds (reviewed in
ref 28). The exact subunit stoichiometry is not known, but on
the basis of electron micrographs and biochemical experiments,
a 1:1:1:1 stoichiometry has been proposed. Adding to the
cohesin complexity, in somatic cells STAG occurs in two
isoforms (STAG1, STAG2) which associate with the cohesin
subunits in a mutually exclusive manner.
29,30 In other words,
cohesin complexes exist in two different populations; STAG1
and STAG2 containing cohesins, respectively. In human cul-
tured HeLa cells, STAG2 was shown to be more abundant than
STAG1, but the exact ratio of STAG1:STAG2 containing cohesins
is not known.
29,30
Here we show by labelfree and absolute quantiﬁcation that
a short 15-60 min predigestion with LysC (modiﬁed on-bead
digestion termed protease elution) is 2- to 3-fold more efﬁcient
than the acid elution protocols. Using 19 reference peptides
generated with our EtEP strategy,
31 of which 6 are speciﬁc for
STAG1 and STAG2, respectively, we determined the cohesin
complex stoichiometry and the exact STAG1/STAG2 stoichi-
ometry from exponentially growing HeLa cells.
Methods and Materials
General Chemicals and Reagents. All chemicals purchased
were of highest purity available. Triﬂuoroacetic acid (TFA),
hydrochloric acid (HCl), isopropanol and tris(2-carboxyeth-
yl)phosphine hydrochloride (TCEP) were purchased from
Sigma-Aldrich (Steinheim, Germany). Formic acid (FA) was
obtained from SAFC Biosciences (Andower, U.K.); triethlyam-
monium bicarbonate (TEAB) and S-methyl thiomethane-
sulfonate (MMTS) from Fluka (Buchs, Switzerland); and MS-
grade modiﬁed trypsin was purchased from Promega (Madison,
WI). Ultrapure 18-MΩ water was obtained from a Millipore
Milli-Q-system (Bedford, MA).
Generation of mTRAQ Heavy Labeled Internal Reference
Peptides. Generation of reference peptides was performed
essentially as described.
31 In brief, peptides were synthesized
by solid-phase Fmoc chemistry and puriﬁed on a Vision HPLC
instrument (Applied Biosystems, Foster City, CA). According
to the EtEP strategy, peptides were then trypsinized, labeled
with mTRAQ heavy (ABSCIEX, Foster City, CA), quantiﬁed via
mTRAQ light labeled equalizer peptide (GVTASVAGAR, amino
acid analyzed) and mixed in equimolar amounts (Figure S6,
Supporting Information).
Binding of Antibodies to Beads. For immunoadsorption
experiments, afﬁnity-puriﬁed antibodies were coupled to Af-
ﬁprep protein A beads (Bio-Rad, Hercules, CA) in a ratio of 1
mg antibodies to 1 mL beads. For puriﬁcation of cohesin we
used an antibody raised against peptide FHDFDQPLPDLD-
DIDVAQQFSLNQSRVEEC of RAD21 (antibody 575) and for
puriﬁcation of ACP/C we used an antibody raised against
peptide CTDADDTQLHAAESDEF of APC3 (antibody 233).
Cross-linking 300 µL beads with 300 µg antibody was performed
in 20 mM DMP (dimethyl pimelimidate dihydrochloride;
Sigma-Aldrich, Steinheim, Germany) in 0.2 M Na-borate pH
9.2 for 30 min at RT. After two wash steps with 3 mL (10 bead
volumes (bv)) 0.2 M Tris-HCl at pH 8.0 antibody-conjugated
beads were washed twice with 3 mL (10 bv) of 0.1 M glycine at
pH 2.0 to remove noncross-linked antibodies and ﬁnally
washed with 3 mL (10 bv) of 1× PBS.
Immunoadsorption of Cohesin and APC/C. HeLa cells were
grown in DMEM supplemented with 10% fetal bovine serum,
0.2 mM L-glutamine and antibiotics (all Invitrogen, Carlsbad,
CA). For each immunoadsorption cells from four trays (25 ×
25 cm2, ∼70% conﬂuent) were harvested, washed once in 1×
PBS and lysed with 15 strokes using a dounce homogenizer in
6 mL lysis buffer (20 mM Hepes pH 7.5, 150 mM NaCl, 10%
glycerol, 1% triton X100, 2 mM EDTA and protease inhibitor
cocktail mix). For binding, HeLa total cell extract S-20 was
incubated with 30 µL antibody-conjugated beads and incubated
on a rotary shaker for 90 min at 4 °C. Subsequently, the beads
were washed 6 times with 1.5 mL (50 bv) of wash buffer (as
lysis buffer but 1% trition X-100 was substituted for 0.2% NP-
40). Finally, before elution beads were washed with 1.5 mL (50
bv) of 150 mM NaCl, pelleted and the supernatant was carefully
removed.
Acid Elution, Protease Elution and Complex Digestion. For
acid elution, 15 µL beads were incubated on a rotary shaker
for 3 min at RT with 30 µL (2 bv) of 100 mM glycine pH 2.0,
100 mM HCl, 100 mM FA and 100 mM TFA, respectively. The
supernatant was collected and neutralized by adding 1.5 µL
(0.1 bv) 2 M NaOH. Finally, the eluate was diluted 1:2 with 1
M TEAB. For protease elution, 15 µL beads were resuspended
with 30 µL (2 bv) of 500 mM TEAB and incubated with 500 ng
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Promega), respectively for the time periods indicated in the
results and discussion section. After elution by predigestion the
supernatant was collected and diluted with 500 mM TEAB to
give the same ﬁnal volume as after acid elution. Next, differently
eluted fractions were reduced in 1 mM TCEP for 30 min at 56
°C and alkylated in 2 mM MMTS for 30 min at RT in the dark.
Samples were then further digested by addition of 500 ng of
LysC for 14 h at 37 °C followed by a 16 h digest with 1 µg trypsin
at 37 °C (in case of LysC elution) or digested by addition of
500 ng trypsin and incubation for 16 h at 37 °C (in case of
trypsin elution). Digested samples were then either analyzed
on an Orbitrap XL for labelfree quantiﬁcation or labeled with
mTRAQ heavy (HCl elution) according to the manufacturer’s
instructions for absolute quantiﬁcation on a 5500 QTRAP
instrument. To assess completeness of mTRAQ labeling a
fraction of the labeled sample was analyzed on an Orbitrap XL
and spectra were searched against the IPI database using
Mascot2.2withandwithoutmTRAQlightasvariablemodiﬁcation.
Analysis on nano-HPLC Equipped with a Monolithic
Column. Thirty µL RAPC3 and RRAD21 antibody-conjugated
beads were suspended with 60 µL (2 bv) 500 mM TEAB and
incubated with 500 ng trypsin and 500 ng lysC, respectively.
After incubation for 1, 4, and 16 h at 37 °C under constant
shaking at 1300 rpm in an Eppendorf Thermomixer, 10 µLo f
the supernatant were collected and proteolysis was stopped
by addition of 240 µL 1% TFA. Then 1.5 µL sample diluted in
20 µL 0.1% TFA was separated on a Dionex Ultimate equipped
with a 200 µm I.D. monolithic column (PepSwift from Dionex,
Amsterdam, The Netherlands) using a gradient from 5% ACN,
0.1% TFA to 80% ACN, 10% TFE, 0.08% TFA over 25 min.
Labelfree Quantiﬁcation on Orbitrap XL. One ﬁfth of each
eluate was separated using a Dionex Ultimate 3000 nanoLC
system equipped with a C18 PepMap column (75 µm i.d. ×
150 cm length, 3 µm particle size, 100 A pore size) (Dionex,
Amsterdam, The Netherlands) using a 55 min gradient from
5% ACN, 0.1% FA to 30% ACN, 0.1% FA followed bya5m i n
gradient from 30% ACN, 0.08% FA to 80% ACN, 10% TFA, 0.08%
FA. Peptides eluting from the nano-RP-HPLC were analyzed
on an LTQ Orbitrap XL mass spectrometer (Thermo Fisher
Scientiﬁc, Bremen, Germany), equipped with a nanoelectro-
spray ion source (Proxeon, Odense, Denmark) with an applied
voltage of 2 kV. The mass spectrometer was operated in data-
dependent mode: 1 full scan (m/z 350-1600) was acquired in
the Orbitrap (resolution of 60 000) followed by MS/MS scans
of the ﬁve most abundant ions in the LTQ. The chosen ions
were excluded from further selection for 60 s. Fragment ion
data were interpreted using Mascot 2.2 (Matrix Science,
London, UK) within the Proteome Discoverer Software (Thermo
Fisher Scientiﬁc, v 1.2). Data were searched against the human
International Protein Index (IPI) database (v 3.74). Following
search parameters were used: tryptic peptides; up to 3 missed
cleavage sites; oxidation (M), phosporylation (S,T,Y), pyro-
glutamate (N-term) as variable modiﬁcations and methylthio
(C) as ﬁxed modiﬁcation; peptide mass tolerance of 3 ppm and
fragment ion tolerance of 0.5 Da. Extracted ion chromatograms
(XICs) of peptides with a Mascot score of g25 and which were
ranked 1 were extracted using the Precursor Ion Area Detector
feature within Proteome Discoverer 1.2 with a mass tolerance
of 3 ppm. For labelfree quantiﬁcation ratios of XICs of peptides
identiﬁed with all 5 elution methods were calculated relative
to glycine elution. Only peptides without chemical modiﬁcation
(such as oxidized methionine, S,T,Y-phosphorylation, N-ter-
minal pyroglutamate) were included in relative quantiﬁcation.
Absolute Quantiﬁcation by SRM Analysis on a 5500
QTRAP. Immediately before LC-SRM analysis digested and
labeled cohesin was spiked with 25 fmol of each internal
reference peptide in case of the experiment shown in Figure
4a and with 10 fmol in case of the experiment shown in Figure
4b. To remove excess of 2-propanol samples were concentrated
in a Speed Vac for 10 min to a ﬁnal volume of approximately
25% of the starting volume and rediluted with 0.1% TFA to
identical sample volumes. Samples were then separated on a
Dionex Ultimate nano-HPLC equipped with a C18 PepMap
column (75 µmI D× 150 mm length, 3 µm particle size, 100 Å
pore size) (Dionex, Amsterdam, The Netherlands) using the
following gradient of solvents A (5% ACN, 0.1% FA), B (30%
ACN, 0.08% FA) and C (80% ACN, 10% TFE, 0.08% FA) at a
ﬂow rate of 300 nL/min: from 0% B, 0% C to 100% B, 0% C
over 30 min followed by a gradient to 0% B, 90% C over 5 min.
Peptides eluting from the nanoLC were analyzed on a 5500
QTRAP instrument (ABSCIEX, Foster City, CA) equipped with
a nanoelectrospray source with applied voltage of 2.3 kV. The
mass spectrometer was operated in scheduled SRM mode with
the following parameters: MRM detection window of 180 s,
target scan time of 2 s, curtain gas of 20, ion source gas 1 of
15, declustering potential of 75, entrance potential of 10. Q1
resolution was set to unit and Q3 resolution to low. Pause
between mass ranges was set to 2.5 ms. Three SRM transitions
per peptide (Table S1, Supporting Information) were selected
and optimized for collision energy by direct infusion of internal
reference peptides. Collision cell exit potentials (CXP) were
calculated by dividing Q3 mass by a factor of 29. Peak
integration was performed using MultiQuant 1.2 (ABSCIEX,
FosterCity, CA) software and manually reviewed. Light to heavy
peak area ratios were calculated over the three transitions and
two replicates to calculate absolute amounts loaded on column
and complex stoichiometry.
Results and Discussion
Testing the Proteolytic Stability of Cross-Linked Antibody-
Conjugated Beads. In the standard on-bead digestion protocol
antibody-conjugated beads are incubated for a prolonged
period of time with a protease to allow digestion of the puriﬁed
sample.
20-25,32,33 To test the proteolytic stability of the cross-
linked antibody beads and therefore to assess a potential
sample contamination from antibody peptides, we incubated
Afﬁprep protein A sepharose beads cross-linked with two
different antibodies (RAPC3 and RRAD21) with trypsin and
LysC, respectively. After 1, 4, and 16 h of incubation, beads
were removed by centrifugation and an aliquot of the super-
natant was separated using a monolithic column, which allows
the simultaneous separation of peptides and proteins (Figure
1). We loaded a volume of the supernatant that corresponded
to 2 pmol of antibody (assuming complete proteolysis and
hence release of antibody peptides to the supernatant). After
1 h of incubation with trypsin and LysC, respectively no signals
other than background were visible in the UV chromatograms,
indicating no or only little cleavage of the antibodies. In case
of trypsin, after4ho fincubation the ﬁrst additional signals
were visible, indicating minor cleavage and after 16 h signal
intensities stemming from cleaved antibodies were further
increased (compare to 1 pmol of trypsinized BSA shown in
Figure S1, Supporting Information, and to Figure 3a). In
contrast to incubation with trypsin, antibody beads incubated
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RRAD21) of the antibody. The observed higher resistance of
the antibodies toward proteolysis when incubated with LysC
can most likely be explained by two factors: (i) the trypsin we
used is chemically modiﬁed to inhibit autolysis and to increase
stability whereas the unmodiﬁed LysC undergoes autolysis and
therefore loses activity during incubation and (ii) trypsin cleaves
C-terminal to arginine and lysine whereas LysC only cleaves
after lysine, which in turn is chemically modiﬁed by the cross-
linker. Hence, cross-linking results in one recognizable cleavage
site for trypsin but no site for LysC on the surface of the
antibody.
In none of the studies that employed on-bead digestion a
potential contamination from cleaved antibody peptides was
assessed, although proteolysis of cross-linked antibodies was
described.
34 Due to the fact that the antibody is usually present
in excess compared to the puriﬁed sample, already minor
antibody cleavage, as observed after4ho fproteolysis, can lead
to a signiﬁcant increase of background unfavorable for subse-
quent LC-SRM or LC-MS/MS analyses.
To test the inﬂuence of antibody proteolysis on MS-based
identiﬁcation we puriﬁed cohesin and APC/C and performed
on-bead digestion for 1, 4 and 16 h followed by a sequential
digestion after separation of beads and sample. MS analysis
on an LTQ Orbitrap revealed that the number of peptides
identiﬁed (Mascot score >25) was highest after only1ho fo n -
bead predigestion for elution compared to 4 and 16 h, regard-
less of the protease used for on-bead predigestion (Table S2,
Supporting Information). For example, the known cohesin
interactor Wings apart-like (WAPL) was identiﬁed with 11
peptides after 1 h LysC elution, with 8 peptides after 4 h LysC
elution and with only 3 peptides after 16 h LysC elution. In
case trypsin was used for elution this effect was even more
pronounced; we identiﬁed 9 WAPL peptides after 1 h, 1 peptide
after 4 h and no peptide was identiﬁed after 16 h predigestion
for elution. MS analysis of APC/C eluted with 1, 4 and 16 h
on-bead predigestion showed a similar result (Table S3, Sup-
porting Information). These effect most likely results from two
factors: (i) the mass spectrometer spends time on sequencing
antibody peptides and more importantly (ii) extended on-bead
digestion periods result in a dramatically increased protein
concentration due to released antibody peptides (Figure 1),
which limit the amount of sample that can be loaded onto the
column (see Tables S3 and S4 for further details, Supporting
Information). For example, of the 16 h trypsin on-bead
predigested cohesin sample we could only load 1/5th of the
volume compared to the 1 h on-bead predigestion, nevertheless
the total amount of protein loaded was considerable higher
and close to the columns capacity as judged by the UV
chromatogram (not shown). Consequently, to limit the degree
of antibody proteolysis and to therefore increase sensitivity,
we decided to shorten codigestion of sample and antibodies
to 1 h followed by a sequential digestion of the sample after
Figure 1. UV chromatograms of proteolyzed cross-linked antibodies analyzed using a monolithic column. RRAD21 (panels (a) and (b))
and RAPC3 (panels (c) and (d)) antibodies cross-linked to AfﬁPrep A beads were incubated with trypsin and LysC, respectively. At the
indicated time points an aliquot, which corresponded to 2 pmol antibody (assuming complete cleavage) was separated using a monolithic
column. Increasing absorption in the UV chromatograms indicate proteolytic cleavage of the antibodies. For better illustration,
chromatograms are displayed with a 5% time and a 15% signal offset.
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to this protocol as “protease elution” rather than “on-bead”
digestion.
Afﬁnity Puriﬁcation of Cohesin and APC/C and Comparison
of Elution Protocols by Labelfree Quantiﬁcation. To test such
a “protease elution” protocol in terms of elution efﬁciency and
sample contamination from cleaved antibody peptides we
puriﬁed cohesin and APC/C by immunoadsorption from
soluble extract of HeLa cells, performed labelfree quantiﬁcation
on an Orbitrap XL and compared the results to standard acid
elution protocols. Protein complexes were puriﬁed using Af-
ﬁprep beads cross-linked with RRAD21 and with RAPC3
antibodies, respectively and eluted using glycine at pH 2.0
(Figure 2a). Analysis on an Orbitrap XL and Mascot searches
of the acquired spectra against the IPI database (v 3.74)
identiﬁed the four core cohesin subunits within the top 8
identiﬁcations and 12 out of 13 APC/C subunits within the top
50 identiﬁcations, respectively. In order to allow a quantitative
comparison of different elution methods we puriﬁed cohesin
and APC/C and performed XIC (extracted ion chromatogram)
based labelfree quantiﬁcation on an LTQ Orbitrap XL instru-
ment. Immediately before the elution step, Afﬁprep beads were
split into 5 aliquots and proteins were eluted using 2 bead
volumes (bv) of the following reagents; 100 mM glycine pH 2.0,
100 mM HCl, 100 mM FA and 100 mM TFA (Figure S2,
Supporting Information). Additionally we resuspended 1 aliquot
of beads in 2 bv of 500 mM TEAB buffer and added LysC
protease. We selected LysC protease for elution because our
standard digest protocol for quantiﬁcation studies is comprised
of a sequential LysC-trypsin double digestion. Additional
results obtained using trypsin for elution is presented in the
Supporting Information. In the on-bead digestion protocol
proteins bound to the antibody beads are incubated with a
proteaseforaprolongedperiodoftime,usuallyovernight.
20-25,32,33
In contrast to standard on-bead digestion and based on the
proteolytic stability experiments discussed above we incubated
the antibody beads for only1ha t3 7°C with LysC, arguing
that a short predigestion of the bait protein might be sufﬁcient
to release the protein complexes from the antibody beads. We
therefore refer to this protocol as “protease elution” rather than
“on-bead digestion”. Supernatants were collected and subse-
quently digested as described in the materials and methods
section using a LysC-trypsin double digest and identical
sample volumes were analyzed on an Orbitrap XL instrument.
Spectra were searched against the human IPI database using
the Mascot search engine and ion chromatograms (XIC) were
extracted through Proteome Discoverer 1.2 software. Labelfree
quantiﬁcation based on XICs of cohesin peptides identiﬁed in
all 5 samples revealed that elution using HCl, FA and TFA was
less efﬁcient than standard glycine elution, while XICs of LysC
eluted peptides were on average 3-fold higher compared to
glycine elution (Figure 2b and Figure S3, Supporting Informa-
tion). Labelfree quantiﬁcation of APC/C subunits showed a
similar result; HCl, FA and TFA elution were equally or slightly
less efﬁcient, while LysC elution was on average 2-fold more
efﬁcient compared to standard glycine elution (Figure 2c and
Figure S4, Supporting Information). SDS-PAGE of eluate frac-
tions and the supernatant after boiling the beads in SDS
containing buffer (Laemmli buffer) revealed that a considerable
portion of the puriﬁed protein complexes were not eluted by
the acidic buffers (Figure S2, lanes denoted as “beads”, Sup-
porting Information). Using the protease elution protocol,
protein complexes are already predigested to smaller fragments.
Therefore no conclusion can be drawn from the corresponding
Figure 2. (a) SDS-PAGE of isolated APC/C and cohesin from soluble extract of HeLa cells. (b) Labelfree quantiﬁcation of cohesin subunits
eluted using different protocols by XIC relative to glycine elution. (c) Labelfree quantiﬁcation of APC/C subunits eluted using different
protocols by XIC relative to glycine elution. Data are mean ( SD of duplicate measurements. See also Figures S3 and S4 for peptide
scattering within subunits in the technical duplicates (Supporting Information).
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However, the 2- to 3-fold more intense XICs after LysC elution
correspond well with the tightly bound fraction not eluted using
the acidic buffers, suggesting greatly improved if not complete
elution after only1ho fLysC predigestion.
Proteolytic stability tests described above using a monolithic
column revealed that no or only a minor amount of antibody
is cleaved during the 1 h LysC incubation (Figure 1). However,
to verify this result and to compare the degree of sample
contamination from the antibody in acid elution versus LysC
elution we extracted XICs of identiﬁed peptides stemming from
the Fc region of the IgG (3 identiﬁed in glycine eluate, 7 in
LysC eluate of APC/C puriﬁcation using RAPC3 antibody). XICs
of the LysC eluate were on average 20-fold more intense
compared to glycine eluate (3 peptides in common) (Figure
S5, Supporting Information). Similar results were obtained
when the contamination from RRAD21 antibody peptides was
evaluated (not shown). But in general, antibody peptides
accounted for only a minor amount of the TIC (total ion
current) in the glycine and protease eluted sample, respectively
(Figure S5, Supporting Information). Hence the protease elution
protocol allowed the complete recovery of immunoadsorbed
protein complexes after only1ho fincubation with LysC with
only very little contamination from antibody peptides.
Can Noncross-Linked Antibody-Conjugated Beads Be
Used? Chemical cross-linking not only covalently attaches the
antibody to the Protein A Afﬁprep beads but also introduces
intramolecular cross-links within the antibody. This can affect
the binding sites leading to a reduction or even loss in
speciﬁcity toward the antigen. Therefore, we tested whether
noncross-linked antibody-conjugated beads are also compat-
ible with the protease elution method. We puriﬁed cohesin
using cross-linked and noncross-linked antibody beads and
performed LysC elution. To monitor whether the antibody is
intrinsically stable to proteolysis or whether chemical cross-
linking confers resistance we separated LysC predigested
aliquots of the 15 min, 30 and 60 min time-point using a
monolithic column. As performed in the initial proteolytic
stability experiments we again loaded a volume that cor-
responded to 2 pmol of antibody (assuming complete diges-
tion). Figure 3a shows UV absorption of the 15 min time point
in the range of 1.5-3.5 mAU in case of the noncross-linked
antibody and lesser then 0.3 mAU in case of the cross-linked
antibody. As 1 pmol digested BSA separated on the same
column gives absorption in the range of 2.5-5 mAU (Figure
S1, Supporting Information) it can be concluded that the
noncross-linked antibody is rapidly predigested and therefore
contaminates the sample to an extent unsuitable for further
MS analysis. In contrast, when chemically cross-linked, the
antibody was again shown to be resistant to proteolysis. To
monitor the kinetics of sample protein release from cross-linked
antibody-beads we separated a 50-fold greater amount of the
sample from the 15 min, 30 and 60 min predigestion time-
point again using a monolithic column. Figure 3b shows only
a minor increase in UV absorption from the 15 min to the 60
min time-point, indicating rapid predigestion and release of
proteins. Subsequent LC-MS/MS analyses revealed that the
number of unique peptides identiﬁed (Mascot score > 25) from
the core cohesin subunits was essentially identical in all three
predigestion periods analyzed (Table S4, Supporting Informa-
tion). Hence, mass spectrometry based identiﬁcation conﬁrmed
the interpretation of the results obtained with the monolithic
column. Proteins bound to the afﬁnity beads are sufﬁciently
predigested already after 15 min leading to the release of
proteins from the afﬁnity beads.
Absolute Quantiﬁcation of Cohesin Subunits and
Stoichiometry Calculation. To test the robustness and com-
patibility of the protease elution protocol with AP-QMS strate-
gies we performed absolute quantiﬁcation of core cohesin
subunits, tested whether different protease predigestion periods
inﬂuence the outcome of stoichiometry determination and
compared the obtained results to a standard acid elution
protocol.
Figure 3. UV chromatograms of proteolyzed cross-linked and noncross-linked antibodies analyzed using a monolithic column. Cohesin
was puriﬁed using RRAD21 antibody beads. (a) Cross-linked and noncross-linked RRAD21 antibody beads were incubated with LysC
for 15 min and an aliquot, which corresponded to 2 pmol antibodies (assuming complete cleavage) was separated using a monolithic
column. (b) 50-fold the amount shown in (a) (of cross-linked RRAD21 antibody beads) was separated using a monolithic column, after
15, 30, and 60 min of incubation with LysC. For better illustration chromatograms are displayed with a 5% time and a 15% signal
offset.
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IDMS principle we generated 19 internal reference peptides
(Table S1, Supporting Information) using our previously de-
scribed EtEP method (Figure S6, Supporting Information, and
ref 31). The sequences of selected reference peptides including
an N-terminal K/R were blasted against the nonredundant (nr)
database and all, but two peptides (VEDELK from SCC1 and
EDLLR from STAG1), were found to be proteotypic. LC-MS/
MS analysis of afﬁnity puriﬁed cohesin identiﬁed no other
peptides from proteins that share these two peptides, thus
allowing inclusion of VEDELK and EDLLR for quantiﬁcation.
Our EtEP method allows the cost-efﬁcient generation of an
equimolar mixture of reference peptides of high accuracy by
using an “equalizer peptide” to circumvent amino acid analysis
and by using the mTRAQ reagent to introduce the isotopic label
(Figure S6, Supporting Information). As peptides are only
surrogates of the protein to be quantiﬁed, we selected 4
peptides per cohesin subunit to increase the accuracy of
quantiﬁcation. In case of STAG, 3 peptides are speciﬁc for
isoform 1, 3 are speciﬁc for isoform 2 and one peptide is
speciﬁc for both isoforms.
We then set up a scheduled SRM method monitoring 3
transitions each for light (sample) and heavy (reference) peptide
(Table S1, Figure S9, Supporting Information). Transitions were
optimized for intensity by direct infusion of peptides and
ramping of collision energy. To allow accurate quantiﬁcation
by calculating light/heavy ratios we determined the linear range
of the reference peptides. This is of particular importance for
peptides that will not be close to a light/heavy ratio of 1 and
are of low abundance. For our set of peptides this scenario was
expected for STAG1 speciﬁc peptides as STAG1 was shown to
be the less abundant of the two STAG isoforms. For all reference
peptides MS detector signal response was linear in the range
from 1.56 to 100 fmol and most important, all STAG1 speciﬁc
peptides showed a linear response from 390 amol to 100 fmol
(Figure S7, Supporting Information).
Time course experiments of the protease elution analyzed
on the monolithic column and by MS suggested that a 15 min
predigestion might be sufﬁcient to release proteins from the
afﬁnity beads (Figure 3 and Table S4, Supporting Information).
Here, using absolute quantiﬁcation we validated this ﬁnding
and determined the complex stoichiometry to test whether
different LysC predigestion periods inﬂuence the analysis.
Figure 4a and b and Figure S8 (Supporting Information) show
the result of the SRM analysis where we spiked 25 fmol of each
reference peptide to the digested complex eluted by 15 min,
30 and 60 min LysC predigestion, respectively. Apparently LysC
predigestion for as short as 15 min is sufﬁcient to release the
complex from the antibody, although longer predigestion led
to a minor increase in abundance of measured cohesin
subunits. Most importantly, measurements and subsequent
stoichiometry calculation of all 3 time points are in agreement
with a 1:1:1:1 stoichiometry of the four core cohesin subunits.
We also performed absolute quantiﬁcation from preparations
that used trypsin to elute the protein complex from the
antibody beads, followed by a single 16 h trypsin digestion
overnight (Figures S12-S13, Supporting Information). However,
strong differences in quantitative results from peptides derived
from the same protein, as well as a high number of missed
cleavage sites identiﬁed in LC-MS/MS experiments indicated
in-complete digestion, a situation not compatible with absolute
quantiﬁcation. This result again highlights the importance of
assessing the completeness of sample digestion and the
measurement of at least two to three peptides per protein.
Results using trypsin elution followed by overnight trypsin
digestion are presented in the Supporting Information. Fur-
thermore, because a change in stoichiometry determination
after digestion under denaturing conditions was reported,
16 we
also performed LysC elution and subsequent LysC-trypsin
digestion in the presence of 2 M urea (30 min LysC elution).
Measurements and calculation of stoichiometry were again in
agreement with a 1:1:1:1 stoichiometry (data not shown).
To test whether the LysC elution protocol introduces a bias
in the quantitative composition of complex subunits compared
to a standard acid elution we again determined the stoichi-
ometry of cohesin isolated from soluble extract of HeLa cells.
As a reference elution protocol we used HCl elution, which was
the most efﬁcient mTRAQ compatible elution protocol in the
initial labelfree experiments. Quantiﬁcation using the estab-
lished SRM method revealed again a 1:1:1:1 stoichiometry of
the four cohesin subunits independently of the elution method
used (Figure 4c and d). Furthermore, the experiment conﬁrmed
the signiﬁcantly better elution efﬁciency of the LysC elution
(30 min) compared to acid elution. For quantiﬁcation of STAG1
the higher recovery had practical relevance. We set a minimum
transition intensity of 500 cps over background in our SRM
Figure 4. Absolute quantiﬁcation of isolated cohesin subunits by LC-SRM analysis on a 5500 QTRAP. (a) Comparing 15, 30, and 60 min
LysC protease elution. Data are mean ( SD of four measured peptides in case of SMC1, SMC3 and RAD21 and of three measured
peptides in case of STAG1 and STAG2, respectively. Measurements of cohesin peptides were performed in duplicate. (b) Calculation
of complex stoichiometry relative to the bait (RAD21) protein. (c) Comparing 30 min LysC predigestion and HCl elution. Data are mean
( SD of four measured peptides in case of SMC1, SMC3 and RAD21 and of three measured peptides in case of STAG1 and STAG2,
respectively. Measurements of cohesin peptides were performed in duplicate. (d) Calculation of complex stoichiometry relative to the
bait (RAD21) protein.
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averaging the light/heavy ratios of all three transitions moni-
tored. Due to the low abundance of STAG1, upon HCl elution
all three transitions of the peptide YSADAEK were below the
threshold, not allowing quantiﬁcation (not shown). Intensity
of EDLLVLR speciﬁc transition 499.3f710.4 (b5 fragment) was
below the 500 cps threshold, leaving only two transitions for
quantiﬁcation (Figure S10, Supporting Information). Addition-
ally, the calculated absolute amount of STAG1 loaded onto the
column was 330 amol and was thus below the tested dynamic
range of STAG1 speciﬁc reference peptides. In contrast, due
to the 3-fold better recovery of the protease elution all
YSADAEK and EDLLVLR transitions were above the 500 cps
threshold allowing quantiﬁcation of STAG1 based on all 3
spiked reference peptides. The measured absolute amount of
STAG1 was 820 amol and therefore within the tested dynamic
range. In summary, the experiments illustrate the superiority
of the protease elution method over standard acid elution with
respect to recovery from afﬁnity beads. Furthermore, they
demonstrate the robustness and also the compatibility of the
protease elution protocol with AP-QMS strategies such as the
stoichiometry determination of protein complexes.
Stoichiometry determination based on the absolute quan-
tiﬁcation of interacting subunits requires puriﬁcation of a
homogeneous sample.
12 We selected a RRAD21 antibody for
coimmunoadsorption experiments because most if not all
RAD21 is found in the 14S cohesin complex, where other
subunits have also been detected in subcomplexes of cohesin.
For example, SMC1 and SMC3 also exist as a heterodimer.
29
Thus, using a RAD21 antibody allowed us to separate both of
the 14S cohesin complexes (STAG1 and STAG2 containing)
from cohesin subcomplexes without enriching for free, non
cohesin associated RAD21. In the present study we showed for
the ﬁrst time that cohesin from soluble HeLa extract forms a
complex with a 1:1:1:1 stoichiometry. This is in agreement with
the current structural model of cohesin based on electron
micrographs, crystal structure of subunit fragments and avail-
able biochemical data (reviewed in ref 28).
Only a few studies so far reported the quantiﬁcation of
protein isoforms.
35-38 We used a total of 7 reference peptides
for STAG quantiﬁcation; three were speciﬁc for isoform 1, three
were speciﬁc for isoform 2 and one measured both isoforms
(DGIEFAFK). In all cases measured amounts of DGIEFAFK were
within a 10% tolerance of STAG1 + STAG2 amounts, thus
increasing the conﬁdence of STAG quantiﬁcation (Figure S8).
It was previously shown by immunoadsorption and Western
blot analysis that the ring-like SMC1-SMC3-RAD21 structure
preferentially associates with STAG2. The authors concluded
from their experiments that the STAG1:STAG2 ratio of cohesin
subpopulations is about 1:3 (see Figure 3D in ref 30). Here,
using MS based absolute quantiﬁcation we determined the
STAG1:STAG2 ratio to be in the range of 1:12 to 1:15 in cohesin
puriﬁed from soluble extract of exponentially growing HeLa
cells (Figure 5). The discrepancy could be explained by the
limited dynamic range and the semiquantitative nature of
quantiﬁcation based on Western blotting and densitometry.
39
Conclusion
In the present study, we have shown that a protease
mediated elution increased the recovery of cohesin and APC/C
from antibody-conjugated afﬁnity beads by a factor of 2 to
three. Hence, while acid elution was found to be less efﬁcient,
a simple predigestion for 15-60 min was sufﬁcient for greatly
improved if not complete recovery without leading to a
signiﬁcant sample contamination from cleaved antibody pep-
tides. Furthermore, absolute quantiﬁcation and subsequent
stoichiometry determination of the cohesin complex demon-
strated the robustness and compatibility of the protease elution
method with AP-QMS studies. Using this elution technique we
have for the ﬁrst time measured the subunit stoichiometry of
the cohesin complex from soluble extract of HeLa cells. The
protease elution method is ideally suited for absolute quanti-
ﬁcation studies where sensitivity is crucial, demonstrated in
this study by measuring the exact STAG1:STAG2 stoichiometry
within the population of cohesin complexes. It can further be
applied to the determination of protein copy numbers due to
efﬁcient if not complete recovery from afﬁnity beads (if
complete depletion of the protein from the extract is shown).
Applied to the identiﬁcation of protein complexes in AP-QMS
studies it has the potential to increase the sensitivity for
detecting low abundant interactors, again due to higher
recovery compared to acid elution and because of no or only
insigniﬁcant contamination from cleaved antibody peptides
compared to standard on-bead digestion.
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